The hemicellulose xyloglucan can be utilized to measure exposed cellulose surfaces for pulp fibers. This was shown by correlating a refining series with the adsorbed amount of xyloglucan, and by swelling cellulose fibers to various degrees by increasing the charge density. The method is specific to cellulose and could be used to quantify refining or to determine hornification.
Introduction
An important factor for technical use of cellulose fibers is the exposed surface area of the cellulose (Mayr et al. 2017 ). This parameter is especially important for fiber-fiber interactions in paper and board products, which are fundamental for paper strength (Torgnysdotter and Wågberg 2006) , and for the hornification process, where never-dried pulp fibers become inflexible and less reactive during drying. Cellulose surface area is also important for the chemical reactivity of cellulose, i. e., the reaction rate of cellulose during chemical derivatization and degradation (Klemm et al. 1998 , Wang et al. 2014 .
Hornification is an irreversible structural change within pulp fibers caused by water removal beyond the fiber saturation point (Fernandes Diniz et al. 2004) , and this change is commonly quantified by the reduction in water retention after drying (Jayme 1944) . Hornification may occur due to pore closure within the cell wall and lactone formation, thereby, reducing the surface area and capacity for swelling (Fernandes Diniz et al. 2004 al. 2010) . Beating the fibers can partly restore the lost properties of hornified fibers (Hubbe et al. 2007 ) and carboxymethylation of the fibers before drying can minimize the hornification as long as the carboxyl groups remain in their sodium form (Köhnke et al. 2010 , Lindström 1982 .
One of the most important parameters during manufacturing, is the manipulation and drying of various pulps. To achieve this, the pulp surface area must be measured or at least estimated. Unfortunately, the presently available methods to do this have severe drawbacks; the most straightforward method BET (Brunauer et al. 1938) , is based on the absorption of noble gases, but unfortunately, this method requires the material to be completely dry, and thus, special actions must be taken to avoid hornification as mentioned above, making BET rather difficult to employ. Alternative methods are based on absorption of colored substances such as Methylene blue and Congo red (Inglesby and Zeronian 1996) on the cellulose in aqueous suspension. However, these methods require high salt concentrations that in turn can lead to the collapse of the cellulose fiber, resulting in decreased surface area. These "wet" techniques have been unreliable in our hands so far. An additional problem is that structural modifications such as the introduction of charges on cellulose (carboxymethylation (Walecka 1956 , Wågberg et al. 2008 , TEMPO-oxidation (Saito and Isogai 2004) etc.) can disturb the presently used methods. These problems have led to measurements of cellulose surfaces using indirect methods instead, such as measuring the water retention of pulp fibers (Mayr et al. 2017) , potentially deemphasizing the role of the cellulose surface area.
In an earlier study, we presented a method for determining the exposed cellulose surface area on nanofibers, which could be used for following the cellulose nanofiber manufacturing. This method is based on the soluble hemicellulose/seed polysaccharide xyloglucan, which has a backbone of 1,4-linked β-D-Glcp residues substituted with α and β-(1,2)-galactose (Mishra and Malhotra 2009) , and combines high solubility with specific and strong interactions with cellulose. The adsorption is not dependent on high salt concentrations but can be performed at neutral pH and low ion strength -both technically relevant conditions. In its soluble form, xyloglucan froms strongly col-ored complexes with iodine (similar to starch), allowing for sensitive and easy determination of concentration with a spectrophotometer.
This study aims to broaden the usage of our xyloglucan adsorption method developed for determining the specific surface area of never-dried cellulose nanofibers to that of pulp fibers. The method has potential use as a pulp quality parameter, quantifying refining, and measuring hornification and swelling.
Materials and methods
Dissolving pulp (Domsjö fabriker, Sweden) was oxidized using 3 different assays all containing 0.016 g 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) per gram of fibers and 0.1 g sodium bromide per gram of fibers at 1 % fiber concentration at room temperature. The highly charged sample was oxidized at pH 10 by titration with 0.5 M NaOH, using 2.5 ml sodium hypochlorite per gram of fibers. The medium and low charged samples were obtained by oxidation at pH 6.8 using a phosphate buffer, with either 0.5 ml or 0.25 ml sodium hypochlorite per gram of fibers.
A xyloglucan, isolated from tamarind kernel powder, (M n = 81 000, M w = 232 000, M = 225 000 Da, R g = 30 nm and a polydispersity index of 2.8 measured by SEC-MALLS (Morais de Carvalho et al. 2017)) solution was prepared by dissolving 8 mg/ml xyloglucan in deionized water at 60°C, for two hours under agitation.
An iodine solution was prepared from deionized water, 0.5 % iodine (99.5 % sublimated, Acros) and 1 % potassium iodine (99 %, Acros). This solution was then mixed with 20 % sulfuric acid in a 1:5 iodine:sulfuric acid ratio.
PFI beating series
Dried bleached softwood Kraft pulp (BSKP) was disintegrated in a disintegrator (PTI, AU) and then soaked in water for 24 h before being mixed again for 30 000 revolutions. The pulp was then refined, according to ISO 5264-2:2011, in a PFI mill for 3, 6, 12, 24 and 35 min. A sample was left untreated as a reference. The drainability, as determined by Schopper-Riegler (SR), was measured according to ISO 5267-1:1999.
Different materials
To test the adsorption of xyloglucan onto different materials, samples containing one of the following were prepared; viscose, Lyocell, Avicel, amorphous cellulose (Avicel powder dissolved in 10 % NaOH at 4°C under agitation for 24 hours, precipitated using acetic acid and then washed (Wang et al. 2014) ), stone groundwood pulp (Spruce SGW 98 % yield, Rottneros Mill, Sunne, Sweden), chemi mechanical pulp (Spruce CTMP 92 % yield), flax, wool, cotton linters, LingoBoost powder, copper powder, talc and the dried BSKP. Longer samples, including those of viscose, Lyocell, flax, wool and cotton were cut into 1-2 mm long pieces. Three Wiley milled wood powders were supplied, including native spruce (∼27 % lignin, 28 % hemicellulose), holocellulose (chlorite delignified, with <0.5 % lignin and ∼14 % hemicellulose) and cellulose (chlorite delignified and extracted with KOH, with ∼0 % lignin and ∼6 % hemicellulose).
Measurement of the adsorption
To measure the influence of increasing fiber amount, three BSKP samples were made with 150, 300 and 600 mg of dry fibers. For all other experiments the samples were added at a dry weight of 300 mg. The samples were then soaked in 30 ml deionized water for 24 h and were then diluted with the xyloglucan solution, for a final volume of 60 ml and a xyloglucan concentration of 4 mg/ml. The same xyloglucan concentration was used for the reference sample without material. Adsorption studies were carried out in duplicate at 20°C for 18 h. The samples were then centrifuged for 6 minutes at 4k RCF; 5 duplicates of 200 µl of each supernatant were added to Eppendorf tubes containing 1 ml of the iodine-sulfuric acid solution, for a total of 10 samples per point. After 30 min in the dark the absorption was measured using a spectrophotometer (UV-2550 UV-vis spectrophotometer, Shimadzu, JP) at λ = 660 nm. The difference in absorbance between the reference without any material and the sample with the material, was calculated and from this the amount of adsorbed xyloglucan, presented as adsorption in mg xyloglucan or mg xyloglucan per gram of fibers.
Results
An increasing linear trend (R 2 = 0.996) was seen in the adsorbed amount of xyloglucan (in mg) when the concentration of fibers (BSKP) was increased while maintaining a constant concentration of xyloglucan; conversely, the amount adsorbed in mg/g decreased slightly with increasing fiber concentration (Figure 1 ).
Xyloglucan adsorption to the refining series (Figure 2 ) showed an increase in adsorption corresponding to an increased degree of refining (the first sample in the series is significantly hornified due to drying). These results showed that it is possible to use xyloglucan adsorption to evaluate the surfaces obtained during the refining process. There is a strong correlation (R 2 = 0.98) between the adsorbed amount of xyloglucan and Schopper-Riegler (Figure 2) , when excluding the significantly hornified sample. By increasing the charge density from 26 to 600 µmol/g (Figure 3 ) the surface capable of binding xyloglucan decreased, indicating that the adsorption is somewhat negatively affected by the carboxylic groups, possibly due to the changing conformation of the cellulose. However, when the charge density is increased to 1450 µmol/g the adsorption increases again, possibly due to extensive swelling (Lindström 1982 , Svensson et al. 2013 .
Adsorption was only measurable for samples containing cellulose I (Table 1) , including BSKP, cotton linter, Avicel, SGW, amorphous cellulose, and flax, while no adsorption was detected for the viscose, Lyocell or CTMP samples. The amorphous cellulose adsorbed 3 times more xyloglucan than its precursor Avicel. None of the more unconventional materials, such as talc, copper powder, Kraft lignin or wool, had any detectable adsorption of xyloglucan.
The three Wiley milled powders only exhibited adsorption after the last step of bleaching where lignin and most hemicelluloses were removed.
Discussion
As the adsorption of xyloglucan increased linearly with an increasing fiber concentration, Figure 1 , indicates that xyloglucan can be used for estimating surface areas of pulp fibers. Additionally, these measurements can be carried out under conditions that do not affect the physical properties of the fibers, i. e. such as sample drying. A linear relationship between the adsorbed amount in mg/g fibers and increased amount of fibers was expected; however, the amount adsorbed in mg/g cellulose decreased, which may have several explanations. For instance, some xyloglucan molecules could more preferably bind to the cellulose surfaces than other molecules due to the polydispersity of the xyloglucan (Lopez et al. 2010 , Benselfelt et al. 2016 . At a higher concentration, the fibers will interact more with each other and therefore limit the accessibility of the xyloglucan (Schmid et al. 2000) . It could also be argued that at a higher fiber concentration, saturation is not achieved, although this is an unlikely scenario since a significant amount of xyloglucan remains in solution after adsorption. A four-fold increase of the surface area resulted in only a 12 % decrease in the adsorbed amount mg/g (Figure 1 ).
The surface area measured by xyloglucan adsorption increased when subjecting the BSKP to beating in a PFI mill (Figure 2) . The increase shows a linear trend with respects to beating time (R 2 = 0.98 for 3-35 min). These results highlight the method as a viable way of measuring the efficiency of a refining step or series, and the obtained values may better describe the actual properties of the material. The BSKP in this study is dried and significantly hornified, partially refining reverses the hornification (Fer- nandes Diniz et al. 2004) implying that xyloglucan can be used for quantifying hornification.
Increasing the charge using TEMPO-mediated oxidation to various degree (Figure 3 ) only slightly affected the adsorption. The lower adsorption seen in the first samples in the series may be an effect of changing morphology of the cellulose surface, although at a charge of 1450 µmol/g the adsorption increased, most likely due to swelling of the fibers. The overall effect from the introduction of carboxylic groups to the cellulose is rather low, and xyloglucan will still adsorb to highly charged fibers.
As a way to measure reactivity (Wang et al. 2014 ) developed a method based on the dissolution and reprecipitation of cellulose using cold alkali to improve the degradability of cellulose with acid or enzymes. This method was employed on cellulose powder (Avicel) and the amount of xyloglucan adsorbed was almost 4 times higher for the amorphous reprecipitated cellulose, than for the Avicel powder, suggesting that the method can be used for studying cellulose surface area as related to reactivity.
When several different materials were tested for adsorption, only some of the cellulose-containing fibers adsorbed measurable amounts of xyloglucan. The cellulose samples that did not adsorb measurable amounts of xyloglucan were viscose, Lyocell and CTMP. The result of the first two samples are likely an effect of the low specific surface area of these densely cored fibers; however, Figure 4c shows small fibers sticking out of the Lyocell fibers, indicating that the crystal structure may influence the adsorption. The lack of measurable xyloglucan adsorption by the CTMP sample (Figure 4c ) is likely due to these fibers being significantly covered in lignin. The measurable adsorption amounts exhibited by the SGW pulp Figure 4b indicate that these fibers contain exposed cellulose, which is consistent with the understanding that the cell wall breakage does not occur in the middle lamella but rather in one of the S or primary layers. The Kraft lignin sample, while having a large surface area (Figure 4k ), was also observed to not adsorb any measurable amounts of xyloglucan. These results indicate that it is the exposed cellulose surface that is being measured, which is consistent with the view that xyloglucan adsorption is specific to natural cellulose structures (Zhou et al. 2006 ). However, extensive coverage with xylan seems to decrease the adsorption potential. This was noted when adsorbing xyloglucan to Wiley milled wood samples bleached in two steps, where the holocellulose containing xylan did not appear to exhibit any adsorption while the cellulose sample did. It should be stressed that the surface area as determined with a polymer, such as xyloglucan, is smaller than the surface "seen" by smaller molecules such as water. On the other hand, this smaller "area per xyloglucan" might be a technically relevant parameter for many applications, such as an indication of fiber-fiber interactions.
Conclusions
-Under the conditions described in this work, xyloglucan/iodine can be used to determine the exposed cellulose surface area of pulp fibers. -The method is easy to employ, robust and does not require drying or high ion strength that can otherwise affect the cellulose structure. -The present data are in line with that xyloglucan only adsorbs to cellulose. -The method may be an interesting complement to water retention measurement when studying pulp samples and refining. -The method could be implemented as a way of measuring the reactivity of high purity cellulose pulps.
